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Edited by David LambethAbstract Caloric restriction (CR) is the most compelling exam-
ple of lifespan extension by external manipulation. Although the
molecular mechanisms remain unknown, the theory of hormesis
has been invoked to explain the life promoting eﬀects of CR.
Hormesis is deﬁned as the beneﬁcial eﬀects of low intensity stres-
sor on a cell or organism. Mrg19 is a putative transcription fac-
tor that regulates carbon and nitrogen metabolism in yeast. In
this study, we have found that deletion of MRG19 gene causes
metabolic shift in yeast cells, leading to higher intracellular reac-
tive oxygen species, augmentation of scavenging enzymes and
longer lifespan compared to wild-type cells. All these results to-
gether suggest that similar to CR, depletion of Mrg19 leads to a
condition of mild stress which in turn enhances vitality.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Moderate food restriction or caloric restriction (CR) is the
simplest external manipulation for extending lifespan in model
organism including mammals; restricting calories by reducing
dietary intake to 50–60% of ad libitum results in 30–40% in-
crease in the life span of the organism [1]. This has been exten-
sively used in various model organisms like unicellular yeast to
multicellular Drosophila, Caenorhabditis elegans and lower pri-
mates in order to study longevity. Amongst all interventions
used to impart longevity, CR is the only one that can be prac-
tically extended to higher animals including mammals with
reproducibility of results, thus indicating a conserved mecha-
nism of action. Other than life span extension, CR alters nor-
mal physiology in mammals and imparts many other health
beneﬁts. However, therapeutic application of CR in humans
lacks feasibility. Hence it is essential to understand the intra-
cellular pathways that CR amend and physiological changes
it brings about to ﬁnd means and ways to mimic CR. SmallAbbreviations: CR, caloric restriction; ROS, reactive oxygen species;
DCFDA, dichloro ﬂuorescein di acetate
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have been identiﬁed but their exact mode of action is still elu-
sive and models are controversial [2]. Hence, understanding
the molecular mechanism underlying CR is more important
for the usage and development of new CR mimetic compounds
for therapeutic purpose.
Bakers yeast ages chronologically as well as undergoes rep-
licative senescence; chronological aging refers to ability of sta-
tionary phase cell to maintain of viability over time where
replicative aging refers to ability of mother cell to produce
daughter cells over time. Although the underlying mechanisms
are yet to be understood clearly; few studies suggest that these
two paradigms might be regulated by overlapping mechanism
in yeast [3,4]. CR, however, enhances longevity and protection
from oxidative damage in both chronological and replicative
aging models [5,6]. Manipulation of genes involved in the met-
abolic pathways are being used as tools to understand the
molecular mechanism of CR. Mutants that mimic CR were
developed to serve as genetic models of CR. List of the mutant
includes those that carry mutations in genes responsible for en-
try of glucose in glycolytic pathway, in glucose sensing and
metabolism pathway and Ras/cAMP/PKA pathway, such as
hxk2, gpr1, cyr1 (cdc35), sch9, cdc25-10, tpk1D, tpk2 and
tpk3D [7]. Out of these mutations, cyr1 and sch9 extend both
chronological and replicative lifespan [4] however eﬀects of
hxk2, gpr1, cdc25-10, tpk1D, tpk2 and tpk3D on chronological
aging are yet to be determined.
Glucose-sensitive yeasts like Saccharomyces cerevisiae are
capable of shifting from fermentation to respiration and vice
versa, depending upon the nutrient availability. It has been
established that a metabolic shift from fermentation to respira-
tion is required for CR-mediated lifespan extension. Deletion
of cyt1 (cytochrome c1 of respiratory chain) gene abrogates
CR-mediated replicative lifespan extension. Overexpression
of transcription factor Hap4, which causes shift of metabolism
from fermentation to respiration, showed increased replicative
life span [8]. Various theories linking metabolism and longevity
hypothesized that CR slows down the metabolic activity of the
cell and thus reduces the oxidative stress. However, it has been
shown from our laboratory that CR treated yeast cells con-
sume more oxygen and subsequently produce high amounts
of reactive oxygen species (ROS). A concomitant upregulation
of scavenging enzymes balances this situation [9]. CR probably
acts as a mild stress and provokes the organism to mount a de-
fence mechanism against it, ultimately leading to longevity.
This could be a probable mechanism for life span extension
by CR in accordance with the hormesis theory [10,11].blished by Elsevier B.V. All rights reserved.
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bon and nitrogen metabolism by acting as a potential repressor
of CYC1 promoter [12]. CYC1 gene is involved in electron ﬂow
through the mitochondria under aerobic condition. Since
Mrg19 is a speciﬁc repressor of CYC1, therefore in the absence
of Mrg19, CYC1 gene gets derepressed causing increased met-
abolic activity, as seen during CR. This is supported by the fact
that oxygen consumption is increased in mrg19 cells [13].
Moreover, mrg19 cells attain higher cell density as compared
to wild-type cells at stationary phase [14]. In this report, we at-
tempt to determine the role of Mrg19 in yeast longevity.2. Materials and methods
2.1. Strains, media and growth conditions
The following strains were used for the study ScPJB644-L (MATa
ura3-52 trp1 leu2::LEU2) and ScPJB644-19D (MATa ura3-52 trp1
leu2-3, 112 mrg19::LEU2). Both strains were grown at 30 C with shak-
ing at 200 rpm in rich yeast media (YEPD) or yeast complete synthetic
media (YC) as described elsewhere.
2.2. Oxygen consumption and oxidative stress sensitivity assay
Saturated starter cell culture of ScPJB644 wt and mrg19 was reinoc-
ulated in 10 ml each of fresh YEPD and allowed to grow till optical
density at 610 nm was 0.9 (107 cells/ml). Cells were harvested, washed
and resuspended in sterile water. Oxygen consumption was measured
immediately after addition of cells to fresh media using a polaro-
graphic oxygen electrode. Results are reported as percent oxygen con-
sumed per minute by 107 cells. Stress sensitivity assays were done as
described in [9]. Brieﬂy, isolated colonies were resuspended separately
in 1 ml water and 5 ll of 10-fold serial dilutions was applied on the
selection plates (YC, YC+ 1.2 mM H2O2 or 1.5 mM paraquat) to mea-
sure the oxidative sensitivity. Result represented here is a representa-
tive of 4–5 independent experiments.
2.3. DCFDA assay for reactive oxygen species
The oxidation of 2 0,7 0-dichloroﬂuorescein (DCFH) to a ﬂuorescent
product (DCF) was used to assess the intracellular ROS produced
by 107 cells [15]. Fluorescence was measured with a Perkin–Elmer
LS 50B ﬂuorescence spectrometer with kex 488 nm and kem 540 nm
in excitation and emission slit widths of 5 and 10 nm, respectively.
Time dependent scans were taken with time interval of 5 min between
each reading for a period of 60 min. Spontaneous air oxidation of di-
chloro ﬂuorescein di acetate (DCFDA) was determined in a control
reaction containing only PBS and deducted from all data points. Re-
sults shown are average of at least three sets of independent experi-
ments carried out on diﬀerent days.
2.4. Protein isolation and enzyme activity assay
Glass bead homogenization was used for preparing total cell lysate.
The lysis buﬀer contained 3.35 mM sodium dihydrogen phosphate,
50 mM disodium hydrogen phosphate, 47.8 mM sodium chloride,
5 mM potassium chloride, 61 mM glucose, 0.1% Triton X-100 and
0.1 mM EDTA. For catalase assay, 0.1% Triton X-100 and 0.1 mM
EDTA were omitted from lysis buﬀer. Concentration of isolated pro-
tein was determined spectrophotometrically at 595 nm by modiﬁed
Bradford method using the Bio-Rad Protein Assay Dye Reagent con-
centrate (Bio-Rad, Hercules, CA) [16]. Polyacrylamide gel electropho-
resis was carried out under non-denaturing conditions using 7.5% (for
Cat) or 12% (for SOD and GPx) polyacrylamide gel with 5% stacking
gel. For detection of SOD activity, the gel was ﬁrst soaked in 25 ml of
3 mM nitro blue tetrazolium solution for 15 min, brieﬂy washed and
then soaked in 30 ml of 0.1 M potassium phosphate buﬀer (pH 7.0)
containing 28 lM riboﬂavin and 28 mM TEMED for another
15 min, brieﬂy washed and illuminated on a light box till bands ap-
peared. For detection of catalase activity, the gel was incubated with
5% methanol for 5 min, washed three times with distilled water; fol-
lowed by incubation for 10 min in 30 ml of 5 mM H2O2. The gel was
again rinsed in water and transferred to 1:1 mixture of freshly prepared2% potassium ferric cyanide and 2% ferric chloride in water [9]. The
reaction was stopped using mixture of 10% acetic acid and 5% metha-
nol. For GPx activity the gel was submerged for 20 min in 50 mM
Tris–HCl buﬀer (pH 7.9) before staining, then soaked in the substrate
solution (50 mM Tris–HCl buﬀer, pH 7.9, 13 mM GSH, and 0.008%
hydrogen peroxide) with gentle shaking for 20–30 min. After a brief
rinse, the GPx activity was developed in dark with 10 mM methyl thi-
azole tetrazolium and 1.6 mM phenazine methosulphate [17]. Gels
were scanned using Bio-Rad GS 800 densitometer and quantiﬁed by
Bio-Rad Quantity One version 4.4 software, as described by Agarwal
et al. [9].
2.5. Life span measurement
500 ml of YEPD media was inoculated with fresh starter cultures of
mrg19 and wild-type strains. These two ﬂasks were maintained at 30 C
and 200 rpm during the studies. After 48 h of incubation, 100 ll of
sample was removed from each culture appropriate dilutions were
counted under haemocytometer for total cell count, further diluted
serially upto 105 dilutions and plated on YEPD to score viability
(CFU). This value represented as zero day count in lifespan study.
After the zero day, samples were removed, diluted, counted and plated
every third day. The study is carried out for both the cells cultures till
there is no colony in the plate with the lowest dilution [18]. Haemocy-
tometer count represents total number of cells in the culture and CFU
represents number of viable cells in the original culture. Data presented
in Fig. 5 are the representative of three independent studies. The rep-
licative life span was measured by counting the number of buds pro-
duced by virgin cells as described elsewhere [19].3. Results and discussion
CR has shown great potential to substantially increase the
life span but its exact mechanism of action still remains an en-
igma. According to the popular free radical theory of aging,
the fundamental factor of the aging is nothing but the accumu-
lation of the oxidative damage caused by intracellular ROS
produced during metabolism. So a plausible explanation for
CR activity was CR might be reducing the metabolic activity
and resultant decrease in ROS imparts longevity. However, re-
cent literature established that CR accelerates metabolic activ-
ity in yeast cells and as a consequence elevates internal ROS
generation [8,9]. In this study, we investigated a yeast mutant
with increased respiratory activity and higher terminal cell
density, a probable hallmark of vitality [14]. In the course of
study, we have found that oxygen consumption, an indirect
measure of metabolic activity, signiﬁcantly enhanced in
mrg19 cells (Fig. 1), and mutant cells are more sensitive to
external oxidative stress in comparison to wild-type cells as
well (Fig. 2). We hypothesized that since total number of oxy-
gen molecules consumed is higher in case of the mrg19 cells
than that of wild-type cells, so at any given point of time total
(internal + external) burden of oxidative stress faced by these
cells will be higher as compared to wild-type cells. Hence in
‘‘external oxidative stress sensitivity assay’’ where cells were
subjected to external stressing agent like 1.5 mM paraquat,
mrg19 cells found to be more sensitive compared to wild-type
cells (Fig. 2). It was further observed that after 72 h mrg19 cells
slowly lose their sensitivity towards paraquat and grow at
nearly equal rate as that of wild-type cells (data not shown).
This indicates that the adaptive response of mutant cells to
the higher oxidative stress is unaltered. In the initial growth
phase, mrg19 cells are exposed to higher internal ROS which
in turn endow them better to handle oxidative burden in later
phase of their life. Similar results were observed using 1.2 mM
H2O2 as a stressing agent (data not shown).
Fig. 1. Oxygen uptake in wild-type and mrg19 cells. Rate of oxygen
uptake in the wild-type (open bar) and mrg19 (shaded bar) cells is
represented as percent oxygen consumed by 107 cells per minute.
Fig. 2. Spot assay for oxidative stress sensitivity: 10-fold serial dilution
of cell suspension was spotted on the YC, YC+1.5 mM paraquat (pq).
Growth on YC plate shows total number of viable cells where as
growth on YC+pq represents relative sensitivity of wt and mrg19 cells
for external stressors. (a) Plates were incubated at 30 C for 36 h. (b)
Plates incubated at 30 C for 72 h.
Fig. 3. mrg19 cells show higher levels of intracellular ROS: ROS
produced by cells was measured using DCFDA. Values are means ±
S.E., n = 3. Production of ROS in mrg19 cells (shaded bar) and wild-
type cells (open bar) during mid log phase of cell growth in the media.
Fig. 4. In-gel scavenging enzyme activity assays: For activity assays
total cellular protein from wt cells loaded in lanes 1 and 3 while lanes 2
and 4 loaded with protein extracted from mrg19. For SOD 10 lg, for
catalase 50 lg and for GPx 80 lg of whole cell protein sample was
loaded. Panels in the left side are stained for activity and panels in the
right are stained with commassie to demonstrate equal loading.
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creased respiration and oxygen consumed might be diverted to
ROS generation. So, in order to quantify the internal ROS sta-
tus a ﬂuorescence based DCFDA assay for ROS was done.
ROS produced by the metabolically active mid log phase cells
were signiﬁcantly higher in case of mrg19 cells than the wild-
type cells (Fig. 3). Though ﬂuorescence quantiﬁed by DCFDA
is an estimation of total intracellular oxidant species, since
oxygen consumption is increased in mrg19 cells, it can be as-
sumed that the increase in ﬂuorescence is due to ROS gener-
ated by various mechanisms including the respiratory chain.
All these results show that mrg19 cells are metabolically active
and generate more deleterious oxygen molecule compared to
wild-type cells. The results obtained till now are consistent
with the observations reported for the calorie restricted yeast
cells. As the process of production of ROS is inevitable along
with the production of the energy required for cells existence,
cells have developed a defence mechanism for the eliminationof the deleterious ROS. This multilevel defence mechanism in-
volves various enzymes which maintain homeostasis by con-
stantly removing the ROS produced. But as cell grows older
the capacity of these enzymes fails to scavenge the ROS,
increasing oxidative burden on older cells. Recently, it has
been shown that CR treated cells are better capable of han-
dling the increased oxidative burden. This is because yeast cells
amend their defence mechanism in response to relatively
milder stress like CR and later on this improved defence mech-
anism helps them to cope with the higher stress. CR cells are
able to maintain the redox balance for a substantial longer
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vation that is in line with the hormesis theory. Scavenging en-
zymes operate at diﬀerent levels of defence and play an
important role in maintaining internal redox homeostasis of
cell [20]. Hence to determine the scavenging enzyme status,
in-gel assay for the SOD, catalase and GPx were performed
as described in the method given above. SOD activity was
found to be increased in case of mrg19 cells. There are two
types of SOD mitochondrial (upper band in the activity gel)
and cytosolic (lower band in the activity gel) reported in the lit-
erature, and both were overexpressed by 1.95 ± 0.14 fold and
2.47 ± 0.28 fold, respectively (Fig. 4). In-gel assay for catalase
activity showed 1.75 ± 0.08 folds overexpressed in mrg19 cells
as compared to wild-type cells and GPx activity in mrg19 cells
is 2.0 ± 0.31 folds higher compared to wild-type cells (Fig. 4).
The quantiﬁcation results are average value of three indepen-
dent experiments carried out on diﬀerent days.
It was previously reported that mrg19 cells attain higher cell
density than the wild-type cells at stationary phase [13]. Our
data indicate that this mutation is capable of providing supe-Fig. 5. mrg19 cells live longer then wt cells: (A) Aliquots (100 ll) of
cell suspension from wt and mrg19 culture was removed every third
day, serially diluted, counted in haemocytometer for total count and
plated on YEPD for viable cell count. wt total cell count (s), viable
cells (d), mrg19 total cell count (}) and viable cells (r) are plotted
against days. (B) Replicative lifespans of wt (d), and mrg19 cells (r)
are plotted against generations.rior protection from the oxidative stress at stationary phase.
Thus higher cell density could be because of more viable cells
than the wild-type cells at any given point of time and this
mutation might provide vigor to the yeast cell to live longer.
With ample amount of evidence indicating a longer life span
of this mutant, we measured the life span of this mutant. Life
span analysis shows that mrg19 cells have longer life span than
their wild-type counter part (maximum chronological lifespan
is 106 ± 8 and 55 ± 5 days (Fig. 5A) and maximum replicative
life span is 34 generations and 28 generations (Fig. 5B) for mu-
tant and wild type, respectively). It has been largely reported
that oxidative stress is much higher at stationary phase than
the growth phase and scavenging enzymes like SOD, catalase
and Gpx have crucial role to play against this stress in survival
of the cells. These enzymes conﬁscate the detrimental oxidative
entities in a step wise fashion, ﬁnally converting them to harm-
less water molecules. In this study, we found that deletion of
MRG19 from yeast cells leads to increased oxygen consump-
tion, enhanced harmful oxidative molecules and evokes scav-
enging response. Probably this augmented scavenging
activity in turn maintains viability for long time at stationary
phase. Our study also provided suﬃcient evidence for
MRG19 as putative gerantogene, however further in detail
studies are needed to elucidate the exact mechanism.
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